We here present inelastic neutron scattering results on the strongly correlated cubic superconductor UBe 13 (T c = 0.85 K) obtained on a large single crystal by high-resolution cold neutron three-axis spectroscopy. We observed spin dynamics at a unique momentum space position building up below T ∼ 50 K and changing significantly on entering the superconducting state. The observed short-range longitudinal character of the correlations can be understood as a result of competing magnetic interactions. The energy dependence in the normal state reflects the energy scales determined from specific heat, whereas the low-temperature data suggest the opening of a superconducting gap. Our findings are consistent with a superconducting order parameter exhibiting s± or d-wave symmetry and placing pure UBe 13 in the strong coupling regime.
I. INTRODUCTION
To investigate the interrelation of magnetism and superconductivity the condensed matter community focuses on materials where both phenomena may not only coexist, but where the spin dynamics may actually stabilize a novel unconventional superconducting state. For several decades this possibility has been actively debated, not only for copper-oxide-and iron-based high-T c [1] but also for strongly correlated ceriumand uranium-based intermetallic superconductors [2] . Evoked scenarios to understand this interplay include the energy scales in the normal state such as pseudo-gap phases [3] , the spin and lattice dynamics reflected in unusual dispersion relations [4] , as well as structural properties related to the often layered structures or observed stripe phases [5, 6] .
The uranium-based superconductor UBe 13 is particularly interesting because of its cubic crystal structure. UBe 13 shows a superconducting transition temperature T c = 0.85 K in conjunction with a huge electronic coefficient of the specific heat γ > 1 J/molK 2 , indicating strong electronic correlations, but no (long-range) magnetic order [7] . The large specific heat anomaly on entering the superconducting state as well as the temperature dependence of the upper critical field leading to B c2 (0) = 12 T indicate the renormalized fermions of the normal state condense at T c . Thermodynamic measurements and inelastic neutron scattering (INS) experiments have been used to identify the origin of the unusual electronic properties. An observed phonon resonance in the density of states is related to vibrations of the uranium atoms inside its cage of 24 Be atoms but cannot account for the low-temperature electronic properties [8] . An early low-resolution INS experiment [9] on UBe 13 powder samples identified spin dynamics characterized * arno.hiess@esss.se by a broad response function ( /2 = 13 meV), which is probably related to the Schottky-like anomalies observed in specific heat above T ∼ 100 K and attributed to CEF excited states [10] . The energy scale observed in subsequent powder experiments [11] and rationalized by a narrow quasielastic response function ( /2 = 1.5 meV) could be the origin for the shallow so-called "Kondo" maximum at about 20 K in the specific heat [10] largely responsible for the observed heavy electron mass. Assuming Fermi-liquid theory [12] this spin dynamics is consistent with the enhanced Sommerfeld coefficient in the normal state exceeding 1 J/molK 2 . On the other hand, and considering the doping dependence in the specific heat data, Kim et al. [13] attribute about half of the electronic specific heat to single-ion effects and the remaining to correlation effects. In more recent INS experiments using pure [14] and Th-doped [15] UBe 13 single crystals short-range and short-lived longitudinal antiferromagnetic (AF) fluctuations characterized by a propagation vector k 0 = (1/2, 1/2, 0) were observed.
A lower energy scale has been reported that manifests itself by weak anomalies at T = 2 K in high-precision heat capacity and thermal expansion measurements on pure UBe 13 single crystals [16] [17] [18] . It has been concluded that only about 5% of potential U 3+ magnetic moments contribute to this 2 K anomaly when comparing to the total entropy and assuming a degenerate (possibly singlet to triplet) two-level system [16] . The temperature of this anomaly, e.g., the underlying energy scale decreases on Th-doping and for 3% Th-doping corresponds to the upper boundary of the superconducting phase [17] . For further understanding, it is important to study the electronic properties also at a microscopic scale. We therefore contribute with INS measurements to (i) identify the microscopic origin of this anomaly at 2 K and (ii) investigate the influence of the superconductivity on the spin dynamics as evidenced in several others cerium-and actinide-based unconventional superconductors [19] [20] [21] [22] [23] [24] [25] [26] [27] .
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II. EXPERIMENTAL
All INS experiments were performed on a large UBe 13 single crystal (m ∼ 2.5 g, V ∼ 0.5 cm 3 ) already used in previous experiments [14] . For its characterization we measured the temperature dependence of the AC susceptibility using an experimental setup homemade for such large crystals. In agreement with literature [7] we observe a superconducting transition with a sharp onset at T c = 0.85 K and bulk superconductivity reached below T = 0.7 K. The INS experiments reported here were carried out on the cold neutron three-axis spectrometers (TAS) IN14 at the Institut Laue, Langevin, Grenoble, France, and PANDA at MLZ Garching, Germany. For the study of the momentum space dependence of the spin fluctuations, the multi-analyzer-detector FlatCone setup [28] was used on IN14 with fixed final energy of E f = 3.9 meV The spin dynamics within the (H,H,L) plane in the normal state of UBe 13 (Fig. 1) has been explored at T = 1.5 K with an energy transfer E = 0.6 meV using the FlatCone setup on IN14. Besides tails of the strong nuclear Bragg peaks, some weak scattering intensity is clearly visible close to positions Q 0 = (±1/2, ± 1/2, 2). Cutting through the data along the (H, H, 2) direction [ Fig. 1 (c) ] reveals unambiguously broad peaks at Q = (±1/2, ± 1/2, 2) as well as at Q = (±3/2, ± 3/2, 2), but no such signal is visible at Q = (±3/2, ± 3/2, 0). Since neutron scattering probes spin components perpendicular to the momentum transfer only, it can be concluded that AF fluctuations with a propagation vector k 0 = (1/2, 1/2, 0) polarized along the k 0 direction (therefore called longitudinally) are present in UBe 13 . This finding is consistent with the spin dynamics inferred from the few momentum space directions investigated in previous TAS measurements [14, 15] .
These short-range correlations ensure AF phase coherence of a few spins only. The observed Q width (Fig. 1) is isotropic within statistics and corresponds to a correlation length ξ ≈ 30Å at E = 0.6 meV. This is about two-times larger than deduced at E = 1.5 meV from previous results [14] . The FlatCone data also indicate areas of low neutron scattering intensity, which could be used as momentum-independent background for analysis. To respect an absolute momentum transfer |Q| similar to Q 0 = (1/2, 1/2, 2) (red circle in Fig. 1 ), we have chosen Q bckgrd = (1,1,3/2) (white circle in Fig. 1 ) as background position for the experimental investigations.
The inelastic scattering intensity is significantly higher at Q 0 than at Q bckgrd for all temperatures below T 50 K (Fig. 2) . Confronting our inelastic response with the molar bulk susceptibility from a recent NMR study of Tou et al. [29] , we find an agreement with their temperature dependence, even if the molar bulk susceptibility and the Knight shift deviate from Curie-Weiss behavior below 35 K. Their conclusion of antiferromagnetic spin fluctuations at a finite q confirms the magnetic origin of the inelastic scattering results presented here. On cooling below 2 K, an accelerated increase of magnetic intensity is observed in the neutron data (Fig. 2) .
B. Energy dependence of the spin dynamics
High-resolution INS measurements for energy transfers E 2 meV were performed to investigate the energy dependence of the spin dynamics at Q 0 in the normal [T = 1.5 K, Fig. 3(a) ] and the superconducting state [T = 0.1 K, Fig. 3(b) ]. The background corrected data are displayed in Fig. 3(c) . In the superconducting state the data appear to be shifted to higher energies. Such a change between the two data sets is further evidenced by subtracting the temperature-corrected data in the normal state from the data in the superconducting state in Fig. 4 . For neutron energy loss (negative energies) the intensity I = (−2.5 ± 5.2) cts/monitor is close to zero within the error bar as expected and required for data taken at low temperatures. For positive energies E < 0.5 meV the difference is negative, but a positive difference is observed for E > 0.5 meV. Intriguingly, the crossover occurs close to the energy at which a pole of the inelastic contribution has been observed in the normal state. To overcome the statistical limitations and exclude potential systematic effects from a single measurement, we further validate our findings by independent measurements. First, to avoid influence from changing the temperature, a magnetic field B = 13 T > B c2 was applied to suppress superconductivity at constant temperature T = 0.1 K (orange diamonds in Fig. 4 ) in a subsequent experiment. The measurements confirm changes in the spin dynamics between normal (B = 13 T) and superconducting state (B = 0 T). Second, such a difference is evidenced by the temperature dependence of the spin dynamics at Q 0 and selected energies (colored arrows in Figs. 4 and 5) measured in an independent experiment on another neutron spectrometer. The superconducting transition temperature has been precisely determined by AC susceptibility [ Fig. 5(a) ] and related to our neutron data. The magnetic response is reduced in the superconducting state at an energy transfer E = 0.25 meV but augmented at higher energy transfer E = 0.6 meV with respect to the normal state. All these observations are consistent with a shift of spectral weight from E < 0.6 meV to E > 0.6 mev at T ≈ 0.85 K, e.g., due to the opening of a superconducting energy gap.
IV. DATA ANALYSIS
The temperature-independent intensity at Q bckgrd exhibits a symmetric line shape in the energy scan centered on the elastic position. On first glance it seems to reflect a well-behaved (Gaussian) instrumental resolution but closer inspection reveals tails extending symmetrically to E = ±0.5 meV. This line shape is not related to the sample but originates from parasitic (multiple) scattering processes inside materials present along the neutron beam, e.g., the sample environment. Such tails are regularly observed on cold TAS instruments [30] . The line shape can be rationalized using the sum of a constant background level, a narrow Gaussian contribution, and a broad Lorentzian contribution.
Using these phenomenological parameters as background contribution in the analysis of the data taken at Q 0 and T = 1.5 K [ Fig. 3 (a) ], the additional intensity cannot be fitted with an additional quasielastic contribution only, but requires an inelastic contribution centered at E = 0.55 meV. This inelastic contribution was fitted with a Gaussian function superimposed to a quasielastic Lorentzian contribution with a characteristic width of 1.5 meV. A single but broad inelastic Lorentzian contribution centered at the similar position gives similar statistical errors.
In Fig. 3(b) we confront our low-temperature data with the fit used for data at T = 1.5 K. All parameters have been kept fixed but both quasielastic and inelastic contributions were adjusted using the temperature Bose factor. In this comparison, the low-temperature data appear to be shifted to higher energies with respect to the normal state fit; e.g., the fit exceeds the low-T data points at low energies but falls systematically below at higher energies. This is nicely visible in Fig. 3(c) in which the same data and fit has been corrected by the background contribution at Q bckgrd . This analysis is consistent with the model-free evidence described above (Sec. III B). The static magnetic properties of rare-earth and actinideBe 13 series enables us to understand the longitudinal magnetic correlations in UBe 13 . Three aspects have to be considered: First, when the f electrons are localized a unique large magnetic moment will be observed. A more itinerant behavior is often observed for the light actinides. In this case a spin density wave might develop, which is characterized by an amplitude modulation of the magnetic moments. Second, the magnetocrystalline anisotropy will impose the moment direction in respect to the underlying lattice. Third, the RKKY exchange interaction is responsible for the propagation vector of the magnetic structure. When localized moments but no crystalline anisotropy are present, as in the case of GdBe 13 , a helical magnetic structure with an incommensurate propagation vector k = (0, 0, 0.285) and the Gd 3+ free-ion magnetic moment is observed [31] ; see Fig. 6(a) . For the other REBe 13 compounds [32] the magnetic structure is commensurate with a propagation vector k = (0, 0, 1/3) and an irregular helical structure is observed at low temperatures to satisfy the magnetocrystalline anisotropy best; see Fig. 6(b) . Here, the ordered moment is reduced by CEF effects. Also in NpBe 13 235118-4 characterizes the magnetic structure. Nevertheless, in this compound a spin density wave develops on each of the two Bravais lattices [33] . The spins belonging to one spin density wave are collinear but those belonging to different spin density waves are perpendicular to each other; see Fig. 6(c) . The resulting unusual spin arrangement breaks the body-centered symmetry but satisfies perfectly the magnetocrystalline anisotropy. The distance between the collinear magnetic moments of each Bravais lattice is larger than for the helical structure with its ferromagnetic spin arrangement in planes perpendicular to the propagation vector. The phases of the two spin density waves are uncorrelated. A spin density wave with two different magnetic moments m 1 = 1.0 μ B and m 2 = 1.2 μ B indicates an itinerant character of the 5f electrons. Finally, as illustrated in Fig. 6(d) , the here-discussed short-range spin dynamics of UBe 13 resembles the (orthogonal) in-plane moment arrangement in NpBe 13 considering an average of different magnetic domains. Whereas the RKKY exchange interaction is responsible for magnetic order characterized by a propagation vector k ∼ (0,0,1/3) in all other compounds, the small (Kondo-screened) and longitudinally correlated spins do not lead to a magnetically ordered groundstate in UBe 13 .
B. Spin dynamics in the normal state
Discussing our INS data, Fig. 1 provides evidence that the low-energy spin dynamics is present at a single commensurate momentum space position Q 0 only. In this case, Q space averaging using powder samples will not alter conclusions on the energy dependence and, indeed, all experimental data from previous [9, 11, 14] and present INS experiments are consistent with the scenario outlaid in the following. The energy dependence of the spin dynamics in the normal state could be modeled phenomenologically superimposing a quasielastic contribution with a Lorentzian line-shape and an inelastic contribution. Both contributions are visible close to Q 0 only, which indicates their common origin. The energy width of the quasielastic contribution ( /2 = 1.5 meV) observed at Q 0 in UBe 13 is consistent with previous results, whereas the inelastic contribution with a pole at E = 0.55 meV should lead to a Schottky anomaly E ∼ 0.42 k B T max in the specific heat at T max ∼ 2.5 K when employing a twolevel model and without considering any momentum space dependence. This matches the energy scale of the weak anomalies observed in high-precision heat capacity and thermal expansion measurements on pure and Th-doped UBe 13 single crystals [16] [17] [18] . Moreover, considering the inelastic signal appears sharper in momentum space than the quasielastic contribution, an observed spectral weight of about 10% is quantitatively consistent with the 5% effect deduced from the specific heat data by Kim et al. [16] using a two-level localized moment scheme. Also, the accelerated increase in spectral weight on lowering temperatures supports this description.
C. Spin dynamics in the superconducting state
The link between spin dynamics and (unconventional) superconductivity is often illustrated by a so-called Moriya diagram [34] relating the superconducting transition temperature with the energy scale of the spin dynamics. Indeed, UBe 13 with T c = 0.85 K, a Sommerfeld coefficient γ > 1 J/molK 2 and spin dynamics of a few meV is consistent with this scenario. Our momentum space resolved data taken below T c from INS experiments contain significantly more information, especially at low energies. By either confronting the low-temperature data with the fit used at higher temperatures or subtracting both data sets reveals that spectral weight is taken away at low energies E < 0.5 meV but added at higher energies when the sample is superconducting (Fig. 4) . Following the fitting presented above, the data at lowest energies follow strictly the background, i.e., all quasielastic scattering is suppressed below T c , whereas the inelastic component is enhanced. For this reason the magnetic signal appears sharper in the superconducting state. In UBe 13 the energy of the additional intensity in the superconducting state and the initial inelastic contribution seems to coincide at a spin gap value of E ∼ (0.5 ± 0.1) meV. A large spin gap E k B T c places pure UBe 13 in the strong coupling regime; see Inosov et al. [36] for an overview. Within the scenario of Manske, Eremin, and Bennemann [35] , pure UBe 13 resides in the underdoped region of the phase diagram. In other words, the pair breaking mimics the local (singlet to triplet) excitation present already in the normal state. The observed shift of magnetic spectral weight at T c (often called "resonance") by neutron scattering refutes the (early) suggested p-wave ABM-state [37] and asks for signchanging s±-or d-wave superconductivity as suggested by measurements of the Ginzburg-Landau-parameter, untrasonic velocities, and NMR [38] . Also the gap value is compatible with s±-or d-wave superconductivity.
D. Comparison with other superconductors
With respect in other superconductors not only the cubic, nonlayered structure in UBe 13 is unusual, but also the observed commensurate short-range correlations. Looking on the heavy-fermion systems, only the spin dynamics of the superconductors CeCoIn 5 [26] and UPt 3 [39] have been reported to be short-range at commensurate Q positions, while in the cubic CeIn 3 commensurate long-range order is observed before superconductivity occurs under pressure [40] in the vicinity quantum criticality. In all other cases spin dynamics is either observed at incommensurate positions like in CeCu 2 Si 2 [27] or superconductivity coexists with an AF-ordered state as for the uranium-based superconductors UPd 2 Al 3 [19] [20] [21] [22] [23] [24] [25] and UNi 2 Al 3 [41] . Also, the magnetic correlations in the iron-and copper-oxide-based superconductors are incommensurate. The energy dependence of the normal state spin dynamics in UBe 13 resembles closely the two-component behavior of the magnetic superconductor UPd 2 Al 3 [19] [20] [21] [22] [23] [24] [25] and CeIn 3 [42] for which the spin dynamics in the normal state has been described by a fluctuating and an inelastic (spinwave-like) component. In UPd 2 Al 3 , CeCoIn 5 , and CeCu 2 Si 2 the resonance develops below T c similar to observations for optimum-and over-doped copper-oxide-based materials. As evidenced for UPd 2 Al 3 by high-resolution NSE experiments [43] , all quasielastic states at Q 0 below this sharp feature are suppressed in the superconducting state as in UBe 13 . In all compounds the spin dynamics at higher energies beyond this sharp feature remains (almost) unchanged in respect to the normal state. Looking for systematic behavior, heavy-fermion superconductivity is distinguished neither by layered structures nor by the character of magnetic correlations, only the vicinity to quantum criticality unifies the different systems. However, an intriguing similarity between the phase diagrams is noted for Th-doping [17] of UBe 13 , Ge-doping [44] of CeCu 2 Si 2 (on a normalized pressure scale), pressure-application [40] on CeIn 3 and O-doping [5] of the copper-based, Co-doping [5] or (K,Ni)-doping [45] of the iron-based high-T c superconductors: When the AF-ordered phase is suppressed by some tuning parameter, the low-temperature magnetic (quantum) phase transition is replaced by a superconducting dome. The characteristic transition temperatures meet at the maximum of the superconducting dome.
Our observations in UBe 13 as well as the phase diagram on Th-doping [17] resembles the situation in underdoped copper-based superconductors [46] . In those, an energy scale ("pseudogap" anomaly) is present already in the normal state above T c . Similarly, a shift of spectral weight from lower to higher energies appears already in the normal state below the "pseudogap" temperature T * . On cooling into the superconducting state this inelastic intensity at higher energies is further enhanced.
Furthermore, not only within a simplistic BCS-like picture as employed for UBe 13 , but shown in more detail for the copper-based high-T c superconductors [47] , the low-energy spin dynamics acts pair-breaking but the higher-energy part of the spectrum is advantageous for superconductivity.
VI. CONCLUSION
We conclude that unusual longitudinally polarized spin dynamics in UBe 13 builds up on cooling for temperatures below T ∼ 50 K at a unique Q 0 position as a result of the competition between moment localization, exchange interactions, and magnetocrystalline anisotropy. The normal state spin dynamics reflects the energy scales observed in heat capacity measurements and determine the superconducting energy scales, i.e., T c . The spin dynamics of UBe 13 at Q 0 changes on entering the superconducting state impacting significantly the lowest normal-state energy scale previously identified at 2.5 K in thermodynamic measurements. The observed shift of spectral weight asks for a sign-changing symmetry of the superconducting order parameter. This observation in a cubic compound could be important to understand unconventional superconductivity.
